ABSTRACT The development of two cattle pests, Stomoxys calcitrans L. and Stomoxys niger niger Macquart (Diptera: Muscidae), was studied in the laboratory using seven potential larval media from a dairy farm on Reunion Island. The media were six types of cattle feed and an old manure medium. Egg-to-adult survival, duration of development, and adult live weight at emergence were determined for both ßy species on each medium. The media were analyzed for pH, nitrogen, organic matter, and structural compounds (cellulose, hemicellulose, lignin). For S. calcitrans, immature survival was signiÞcantly higher on sugarcane leaves, Rhodes grass, and elephant grass; for S. niger, survival was signiÞcantly higher on the same substrates plus sugarcane tops. These substrates were characterized by slightly acid pH values (range, 5.4 Ð 6.0). In both species, there were signiÞcant bell-shape relationships between immature survival and substrate pH. The developmental time of both ßy species was signiÞcantly shorter on Rhodes grass, Rhodes grass hay, and elephant grass. These substrates were characterized by high cellulose contents and low soluble organic fractions. In both species, there were signiÞcant linear relationships between developmental time and cellulose content of substrates. Similarly, there were signiÞcant linear relationships between adult live weight and cellulose content of substrates. The C:N ratio of the most favorable substrates was highly variable. Although the relationships revealed in this study do not establish causation, it is suggested that pH and cellulose content may have direct and indirect effects on Stomoxys development.
On Reunion Island, in the Southwest Indian Ocean, the stable ßies Stomoxys calcitrans L. and Stomoxys niger niger Macquart are important pests on dairy farms, where considerable numbers of ßies attack cattle during the warm and wet season (Gilles 2005) . These blood-feeding insects cause painful bites and signiÞcant blood loss to their hosts, which can affect cattle weight gains and milk production (Miller et al. 1973 , Campbell et al. 1987 , Wieman et al. 1992 . Furthermore, Stomoxys spp. may mechanically transmit various pathogens (Foil and Gorham 2003) . Stable ßy abundance depends largely on the resources available for larval development Hogsette 1994, Thomas et al. 1996) . The cosmopolitan S. calcitrans is known to breed in a variety of moist media around dairies, such as accumulations of spilled cattle feed, generally mixed with cow dung and urine, and stored manure (Meyer and Petersen 1983, Lysyk 1993) . We also observed substantial numbers of S. niger larvae in these media (unpublished data), but this tropical species is able to breed farther from farms, particularly in sugarcane debris that decomposes in the Þelds after harvesting (Kunz and Monty 1976) . All these media have in common decomposing plant materials, which provide both habitats and food sources to Stomoxys larvae, which are primarily detritivores. A variety of factors may affect development and survival in those environments. Many studies have been performed on the effects of temperature and moisture (Kunz et al. 1977 , Sutherland 1979 , McPheron and Broce 1996 , Lysyk 1998 , Gilles et al. 2005a ). However, surprisingly little is known about the chemical characteristics of larval media, and how these characteristics may affect development and survival. McPheron and Broce (1996) , however, have shown that the survival of S. calcitrans pupae on artiÞcial substrates is signiÞcantly affected by pH and osmolality.
In this study, eggs of S. calcitrans and S. niger were left to develop on seven substrates commonly found in the dairies of Reunion, which constitute potential breeding sites for Stomoxys species. For each substrate, survival from the egg to the adult stage, duration of development, and adult live weight at emergence were determined under controlled laboratory conditions. The substrates were analyzed for pH, nitrogen content, and the pro-portions of structural compound, and soluble materials in the organic matter. pH can strongly affect the physiology of many insect species, both as an environmental parameter and after food ingestion (Harrison 2001) . Nitrogen content and C:N ratio are important indicators of food quality for arthropods that feed on plant material (Mattson 1980, Slansky and Rodriguez 1987) Ñincluding saprophagous dipteran larvae (Deleporte 1988) . Structural compounds (cellulose, hemicellulose, and lignin) are the major constituents of decomposing plant residues. In general, they are little digested (cellulose, hemicellulose) or not digested (lignin) by arthropod detritivores (Neuhauser et al. 1978 , Bignell 1989 , Gillon and David 2001 and are therefore less beneÞcial to development and growth than the soluble organic fraction. As the seven selected substrates represented a wide range of each chemical parameter, we Þrst examined possible relationships between substrate characteristics and developmental success of the ßies. For potentially inßuen-tial chemical parameters, we also estimated the optimal range for each ßy species. We expected to Þnd some differences between S. calcitrans and S. niger, which could explain the relative disparity between their breeding sites (Kunz and Monty 1976) . In particular, the fact that S. calcitrans seems more closely associated with cattle manure than S. niger could result from a greater nitrogen demand of S. calcitrans larvae, because nitrogen content is much higher in dung than in most plant materials (Lodha 1974) .
Materials and Methods
All substrates and insects were obtained from Reunion Island, a volcanic island (2,507 km 2 ) located Ϸ800 km east of Madagascar (21Њ20Ј S, 55Њ15Ј E). The climate is humid tropical, with heavy rains in summer (NovemberÐMarch). Approximately 40,000 head of cattle are raised on the island, mainly in small, familyrun feedlots and dairies (Gilles 2005) .
Larval Substrates and Chemical Analyses. In December 2003, seven test substrates were taken from a representative dairy farm in the southwest of the island: (1) sugarcane leaves (Saccharum officinarum L.); (2) sugarcane tops; (3) Rhodes grass (Chloris gayana Kunth); (4) Rhodes grass hay (dried); (5) elephant grass (Pennisetum purpureum Schumacher); (6) kikuyu silage (Pennisetum clandestinum Hochst. ex Chiov.); (7) and an old manure medium (a mixture of cow dung and various plant materials). Another substrate commonly used as cattle feed in ReunionÑ ground stalks of sugarcaneÑwas not included in this study, because it was not consumed by stable ßy larvae in pilot tests. All samples were frozen at Ϫ20ЊC before analyses and experiments.
Chemical analyses were done at the Centre de Coopération Internationale Recherche Agronomique pour le Développement (CIRAD) Laboratory of Agronomic Analyses, Saint Denis, Reunion Island. Substrate pH was measured in water extracts of ground materials (1Ð1.5 by volume). Ash content was determined after calcination at 560ЊC. Total C was determined on a CN analyzer using Dumas combustion, and total N was determined by the Kjeldahl method (Grimshaw et al. 1989) . The proportions of structural components (cellulose, hemicellulose, and lignin) and soluble organic materials were estimated using Van SoestÕs procedures adjusted for Fibertec (Van Soest and Robertson 1985) . All results are reported on a dry weight basis.
Rearing Experiment. Stomoxys eggs were collected in recent stock colonies of S. calcitrans and S. niger, established from ßies trapped at a dairy farm in the southeast of the island (910-m elevation). Cages (30 by 30 by 30 cm) containing Ϸ1,000 adult ßies were maintained at 25 Ϯ 1ЊC and 70 Ϯ 10% RH under a L 12:D 12 photoperiod. The ßies were fed daily with citrated bovine blood for 45 min and were allowed to oviposit in a substrate that consisted of ground leaves of elephant grass (P. purpureum) (Gilles et al. 2005a) .
After the oviposition substrates were changed in the stock cultures, freshly laid eggs were transferred with a Þne brush into dishes (10 cm in diameter by 10 cm high) containing the larval substrates to be tested. For each of the seven substrates, at least 150 eggs of each ßy species were collected over several days. Eggs laid on different days were kept in separate dishes, with a maximum of 30 eggs per dish to ensure excess food to larvae. The dishes were covered with mosquito tulle to prevent larvae from exiting and maintained in climatic chambers (25 Ϯ 1ЊC; 70 Ϯ 10% RH; L 12:D 12 photoperiod). The substrates were moistened at the start of the experiment, and no further water was added, except for the old manure medium, in which developmental time was longer than in other substrates. After puparium formation, prepupae from each dish were transferred to a plastic box (8 by 4 by 1.5 cm) containing a small quantity of the same substrate and were kept under the same temperature, humidity, and photoperiod conditions until ßy emergence. All boxes were examined daily, and emerging ßies were counted and weighed. Mean survival from the egg to the adult stage, mean developmental time, and mean live weight at ßy emergence were determined for each substrate. All results were expressed as grand means, after pooling data from individual boxes within each treatment (same ßy species, same substrate).
Data Analyses. The effects of larval substrates and ßy species on the proportions of survivors were tested using logistic regression (PROC GENMOD; SAS Institute 2001). Analyses of variance were used to test the effects of larval substrates and ßy species on developmental time and adult live weight (PROC GLM; SAS Institute 2001). Multiple comparisons among pairs of means were made using the Tukey-Kramer method (MEANS statement with the TUKEY option; SAS Institute 2001). Survival, developmental time, and adult live weight were plotted versus each chemical parameter to detect linear or curvilinear relationships between variables. These relationships were described and tested using simple linear regression or fractional polynomial regression (StataCorp 2003) .
Results
Egg-to-Adult Survival. The survival of the immature stages, from egg laying to ßy emergence, differed signiÞcantly between substrates ( 2 ϭ 1198; df ϭ 6; P Ͻ 0.001) and species ( 2 ϭ 37.3; df ϭ 1; P Ͻ 0.001). There was a signiÞcant substrate-species interaction, because the differences in survival between species were not the same on all substrates (Table 1 ). In S. calcitrans, survival was signiÞcantly higher on sugarcane leaves, Rhodes grass, and elephant grass (range, 78 Ð 83%), whereas in S. niger, survival was signiÞcantly higher on these three substrates plus sugarcane tops (range, 81Ð 89%). In terms of chemical parameters (Table 2) , the survival of both species was strongly associated with the pH of substrates. The highest proportions of survivors were observed on substrates with pH values from 5.6 to 6.0 for S. calcitrans and from 5.4 to 6.0 for S. niger. Survival decreased on both sides of the optimal ranges and tended toward zero at pH values of 4.4 and 8.4. Fractional polynomial regression revealed signiÞcant bell-shaped relationships between immature survival and substrate pH in both species (F ϭ 39.5; df ϭ 2,4; P Ͻ 0.01; r 2 ϭ 0.95 for S. calcitrans; and F ϭ 300.8; df ϭ 2,4; P Ͻ 0.001; r 2 ϭ 0.99 for S. niger; Fig. 1) .
Developmental Success. The two criteria of developmental success (mean developmental time and mean adult live weight at emergence) were negatively correlated in both species (r ϭ Ϫ0.84; df ϭ 4; P Ͻ 0.05 for S. calcitrans; and r ϭ Ϫ0.92; df ϭ 4; P Ͻ 0.01 for S. niger). Therefore, better substrates for ßy development corresponded to both a faster development and larger adults. Developmental time differed signiÞ-cantly between substrates (F ϭ 551.5; df ϭ 5,802; P Ͻ 0.001) and species (F ϭ 7.57; df ϭ 1,802; P Ͻ 0.01). Although there was a signiÞcant substrate-species interaction, one-way analyses showed that the most favorable substrates were the same for both species, namely Rhodes grass, Rhodes grass hay, and elephant grass (Table 3 ). In terms of chemical parameters (Table 2), this set of substrates differed from the others in their organic matter composition. Rhodes grass, Rhodes grass hay, and elephant grass had higher cellulose contents (Ն41%) and lower soluble organic fractions (Յ18%). SigniÞcant linear relationships between mean developmental time and the cellulose content of substrates were observed (F ϭ 14.0; df ϭ 1,4; P Ͻ 0.05; r 2 ϭ 0.78 for S. calcitrans, and F ϭ 31.3; df ϭ 1,4; P Ͻ 0.01; r 2 ϭ 0.89 for S. niger; Fig. 2 ). Similarly, there were signiÞcant linear relationships between mean adult live weight and the cellulose content of substrates (F ϭ 41.0; df ϭ 1,4; P Ͻ 0.01; r 2 ϭ 0.91 for S. calcitrans, and F ϭ 24.2; df ϭ 1,4; P Ͻ 0.01; r 2 ϭ 0.86 for S. niger; Fig. 2 ).
Discussion
The aim of this study was to determine whether the survival and developmental success of two Stomoxys species were inßuenced by their developmental media and were associated with certain chemical characteristics of the media. Among the seven substrates tested, dramatic differences were observed in immature survival, duration of development, and adult live weight at emergence. Furthermore, this study revealed novel relationships between Stomoxys development and two chemical characteristics of substrates, namely pH and cellulose content. These relationships are of a correlative nature and do not establish causation; however, they suggest testable hypotheses about the biology and ecology of stable ßies.
This study showed that immature stages of both Stomoxys species survived better on slightly acid substrates, at pHs ranging from 5.4 to 6.0. Survival was strongly reduced under more acid or more basic conditions. Effects of pH on egg hatching and immature survival have been reported for dipteran larvae and other arthropods, especially aquatic species (Rousch et al. 1997, Paradise 1998), but also for the face ßy (Diptera: Muscidae) developing in fresh cow dung (Grodowitz et al. 1987 ). However, the mechanisms involved are unclear. First, mortality may result either from environmental pH, even for terrestrial species in contact with a moist medium, or from the pH of the food ingested by larvae, which involves quite different physiological mechanisms (Harrison 2001) . In addition, survival may be affected through interactions between pH and microorganisms, whether pathogenic or beneÞcial to stable ßies. This type of interaction can be detected when sensitivity to pH disappears after substrate sterilization. Indirect effects of pH on survival mediated by speciÞc microorganisms might explain geographic differences in the sensitivity of S. calcitrans to pH. Thus, in the United States, the best survival was observed at pH values markedly higher than in Reunion Island (McPheron and Broce 1996) . Whatever the mechanisms involved, it would be of interest to conÞrm experimentally and to examine more closely the possible inßuence of pH on Stomoxys survival, which could be useful in devising control strategies. Unexpectedly strong positive relationships were observed between the developmental success of both Stomoxys species and the cellulose content of larval media. This result leads to several hypotheses. First, cellulose may be directly assimilated by stable ßy larvae. In general, structural compounds (cellulose, hemicellulose, and lignin) are poorly digestible by saprophagous arthropods, which assimilate the soluble organic fraction more easily (Bignell 1989, Gillon and David 2001) . However, some saprophagous species use the cellulose of plant litter, as shown by high assimilation efÞciencies associated with a high cellulase activity in the gut, e.g., in woodlice (Zimmer and Topp 1998) and sciarid dipteran larvae (Deleporte and Charrier 1996) . An alternative hypothesis is that cellulose may improve the development of stable ßies indirectly. It has been shown that S. calcitrans larvae are unable to survive without live bacteria in their food (Lysyk et al. 1999 , Romero et al. 2006 , which implies the presence of a favorable medium for bacterial growth. This medium might be plant material rich in cellulose, and the ingestion of cellulose plus cellulolytic bacteria would be highly beneÞcial to larvae of both ßy species. In this respect, note that the pH range of substrates that enhanced immature survival in this study corresponded to an optimal pH range for cellulase activity in leaf litter, i.e., 5.0Ð6.0 (Zimmer and Topp 1997) . Therefore, it would be of interest to determine whether there are trophic interactions between stable ßy larvae, cellulose, and cellulolytic bacteria such as Acinetobacter, Citrobacter, Flavobacterium, and Serratia spp.
The C:N ratio of the most favorable substrates was variable (from 23:1 to 47:1), and no relationships were detected between the nitrogen content of the food and the developmental success of Stomoxys larvae. This Þnd-ing contrasts with previous results obtained in saprophagous arthropods, including dipteran larvae (Deleporte 1988) . This study, therefore, does not explain why the presence of manure seems beneÞcial to stable ßies, especially S. calcitrans, and, conversely, why removal of manure signiÞcantly reduces stable ßy populations in dairies Hogsette 1994, Thomas et al. 1996) . The No adult ßies were obtained on the seventh substrate (kikuyu silage).
Means followed by different letters within a column are signiÞ-cantly different at the 5% level.
SigniÞcant differences between species ( a P Ͻ 0.001; b P Ͻ 0.05). NS, not signiÞcant.
hypothesis that manure is an important nitrogen source for S. calcitrans has not been conÞrmed by our study, at least not in terms of development. However, it might be necessary to study the whole life cycle and take into account the fecundity of adult females, which might depend on the nitrogen content of larval food. David and Célérier (1997) have shown that adding food rich in nitrogen in the diet of a saprophagous arthropod has dramatic effects on the fecundity of adult females.
From an applications perspective, it is too early to classify the larval media from Reunion Island in terms of their importance for the development of stable ßies. Although substrates such as Rhodes grass and elephant grass seem highly beneÞcial to the development of both Stomoxys species, this does not mean that the other substrates are always less favorable. First, it is likely that the pH and other chemical characteristics of substrates vary considerably over time, because decomposition proceeds rapidly under wet and warm climate conditions, whether for dead plant material (Couteaux et al. 1995) or cattle manure (Broce and Haas 1999) . Accordingly, the chemical characteristics determined in this study are transitory, and StomoxysÐmedia relationships are probably a dynamic process (Hogsette et al. 1987, Broce and Haas 1999) . Adult ßies may track the most favorable conditions and lay eggs in a variety of materials during a breeding season that lasts several months. In addition, to evaluate media in terms of their beneÞts to stable ßies, we should take into account possible effects of larval diets on the survival and fecundity of adult ßies and compare the intrinsic rates of increase (r) after development on each substrate (Gilles et al. 2005b ). More research is needed to understand fully the relationships between larval media characteristics and stable ßy populations. 
